The function of mitochondria depends on the proper organization of mitochondrial membranes. The morphology of the inner membrane is regulated by the recently identified mitochondrial contact site and crista organizing system (MICOS) complex. MICOS mutants exhibit alterations in crista formation, leading to mitochondrial dysfunction. However, the mechanisms that underlie MICOS regulation remain poorly understood. MIC19, a peripheral protein of the inner membrane and component of the MICOS complex, was previously reported to be required for the proper function of MICOS in maintaining the architecture of the inner membrane. Here, we show that human and Saccharomyces cerevisiae MIC19 proteins undergo oxidation in mitochondria and require the mitochondrial intermembrane space assembly (MIA) pathway, which couples the oxidation and import of mitochondrial intermembrane space proteins for mitochondrial localization. Detailed analyses identified yeast Mic19 in two different redox forms. The form that contains an intramolecular disulfide bond is bound to Mic60 of the MICOS complex. Mic19 oxidation is not essential for its integration into the MICOS complex but plays a role in MICOS assembly and the maintenance of the proper inner membrane morphology. These findings suggest that Mic19 is a redox-dependent regulator of MICOS function.
M
itochondria are essential organelles in eukaryotic cells and play a key role in many cellular processes, including energy conversion; the synthesis of amino acids, lipids, and heme; and apoptosis. Mitochondria are enveloped by the outer membrane (OM) and composed of two aqueous compartments: the matrix and intermembrane space (IMS), which are separated by the inner membrane (IM). The IM is further divided into the inner boundary membrane (IBM; which is adjacent to the outer membrane) and invaginations (called cristae) that protrude into the matrix. Cristae are attached to the IBM by narrow, usually tube-shaped structures called crista junctions (1, 2) .
One of the mechanisms that are responsible for the mitochondrial IM architecture involves the recently discovered mitochondrial contact site and crista organizing system (MICOS) complex (previously known as MINOS/MitOS) (3) (4) (5) (6) (7) (8) (9) . MICOS is an evolutionarily conserved complex that consists of six proteins in Saccharomyces cerevisiae and seven proteins in higher eukaryotes that have been identified to date (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) . The deletion or knockdown of MICOS components was shown to lead to defects in mitochondrial morphology, accompanied by mitochondrial dysfunction. Deletion of subunits of the MICOS complex resulted in a partial or almost entire loss of crista junctions. In the case of Mic19, a partial reduction in the number of crista junctions was reported. In transmission electron microscopy (EM) of MICOS mutants, the mitochondria often appear to have stacked or onion-like inner membranes, depending on the orientation of the imaged section (3-7, 10, 12, 14, 17, 18) .
The MICOS complex builds a wide interaction network with proteins with different mitochondrial localizations and functions. MICOS was shown to interact with translocase of the outer membrane (TOM), sorting and assembly machinery (SAM), Ugo1, porin (VDAC), and the components of the mitochondrial intermembrane space assembly (MIA) pathway (4-6, 11, 19-23) . The TOM complex is the main entry gate for precursor proteins that are directed from the cytosol to mitochondria. Precursors that emerge from the TOM complex at the intermembrane space site of the outer membrane are subsequently recognized by specific translocases. These translocases transfer precursor proteins to their destined mitochondrial compartments (24) (25) (26) (27) . The import of proteins that are targeted to the intermembrane space is facilitated by the MIA pathway (28, 29) . Precursors are recognized by Mia40, an oxidoreductase that binds to its substrates via a disulfide bond. Next, the disulfide bonds are transferred to the substrate, resulting in its oxidation and thus enabling proper folding and assembly into mature, functional protein complexes (27, (29) (30) (31) (32) (33) . Classic MIA pathway substrates are small (Ͻ20-kDa) proteins that contain specific twin Cys-X 3 -Cys or Cys-X 9 -Cys motifs that typically form two disulfide bonds (34) (35) (36) (37) . To maintain oxidation cycles, Mia40 cooperates with the sulfhydryl oxidase Erv1 (30, (38) (39) (40) . Mic60, one of the key components of the MICOS complex, was recently shown to play a role in the regulation of protein transport via the MIA pathway (6) .
Mic19 and MIC19 are present in the MICOS complex in yeast and humans, respectively. Human MIC19 (CHCHD3 or MINOS3) possesses five cysteine residues, four of which are arranged in a twin Cys-X 9 -Cys motif of the coiled-coil helix coiled-coil helix (CHCH) domain that is typical for MIA substrates. Previous studies (12, 41) reported that the CHCH do-main is essential for the import of MIC19 into mitochondria. Human MIA40 was shown to interact in a redox-dependent manner with MIC19 and preferentially bind to Cys193 of MIC19 (41) . Yeast Mic19 lacks the typical twin Cys-X 9 -Cys motif. However, it contains two cysteine residues that are arranged in a single Cys-X 10 -Cys motif that may serve as a simplified MIA substrate motif. Apart from the proposed role of human MIA40 in the maturation of MIC19, the oxidation state of both MIC19 in humans and Mic19 in yeast remains unknown.
Here, we determined the redox status of both human MIC19 and yeast Mic19 and systematically analyzed the role of the MIA pathway and MICOS complex in the biogenesis of Mic19. Furthermore, we elucidated the functional importance of Mic19 oxidation for its assembly into the MICOS complex. Finally, we investigated the role of Mic19 cysteine residues in the stability of the MICOS complex and, hence, the maintenance of mitochondrial morphology.
MATERIALS AND METHODS
Yeast strains and plasmids. The S. cerevisiae strains that were used in this study are listed in Table 1 . To generate mic19⌬ in the YPH499 background strain, the kanMX4 cassette surrounded by the Mic19 promoter and terminator was amplified from the BY4741 background mic19⌬ strain. Next, the cassette was introduced into strain YPH499 by homologous recombination according to a standard protocol. Oligonucleotide primers were designed to amplify the MIC19 coding sequence together with native promoter and terminator and to clone it into the pRS416 vector, which gave rise to the pPS1 (153) plasmid. Cysteine-to-serine residue mutants of Mic19 were generated by site-directed mutagenesis using pPS1 as a template. This gave rise to plasmids carrying Mic19-C146S (pPS2, 154), Mic19-C157S (pPS3, 155), and Mic19-C146,157S (pPS4, 156). Plasmids with wild-type and cysteine-to-serine residue variants of Mic19 were transformed into YPH499 or BY4741 strains.
siRNA constructs and transfection. The targeting sequences used in this study were MIA40 (GGAAUGCAUGCAGAAAUAC [42] ), ALR (GG AGUGUGCUGAAGACCUATT [43] ), MIC60 (AAUUGCUGGAGCUG GCCUU [10] ), and MIC10 (GCUUAUUCCAACUGUCAGCA). HeLa cells (20% confluence) were transfected with Oligofectamine (Invitrogen) in Opti-MEM medium (Gibco) with 250 nM small interfering RNA (siRNA) and after 4 h were supplemented with 0.5 volume of Dulbecco's modified Eagle medium containing 4.5 g/liter glucose, 10% fetal bovine serum, and 2 mM L-glutamine. Cells were cultured at 37°C in 5% CO 2 For proteinase K treatment, the isolated mitochondria were suspended in import buffer (250 mM sucrose, 80 mM KCl, 5 mM MgCl 2 , 5 mM methionine, 10 mM KP i , 10 mM MOPS-KOH [pH 7.2]). Proteinase K was added to a final concentration of 10 g/ml and incubated with the mitochondria for 15 min on ice. The proteinase K activity was stopped by the addition of 2 mM phenylmethylsulfonyl fluoride (PMSF). Mitochondria were reisolated by centrifugation and analyzed by reducing SDS-PAGE followed by Western blotting.
For isolation of human mitochondria, human embryonic kidney 293 (HEK293) cells were cultured in Dulbecco's modified Eagle medium containing 1.8 g/liter galactose, 10% fetal bovine serum, and 2 mM L-glutamine at 37°C in 5% CO 2 . Cells were harvested and homogenized in a Dounce homogenizer in isolation buffer (0.1% [wt/vol] bovine serum albumin [BSA] , 300 mM trehalose, 10 mM HEPES-KOH, pH 7.7, 10 mM KCl, 1 mM EGTA, 1 mM EDTA, 2 mM PMSF) (45) . The homogenate was cleared of cell debris by centrifugation at 1,000 ϫ g for 10 min, and mitochondria were subsequently isolated by centrifugation at 10,000 ϫ g for 15 min. The mitochondrial pellet was resuspended in isolation buffer without BSA. The precursor was added to the reaction mixture. The import was stopped by the addition of 50 mM iodoacetamide or VOA and incubation on ice. To remove the nonimported precursor, mitochondria were incubated with proteinase K (50 g/ml) for 15 min. The proteinase K activity was stopped by the addition of 2 mM PMSF. Next, the samples were washed with SM buffer and analyzed under reducing conditions on SDS-polyacrylamide gels followed by autoradiography. The efficiency of protein import was determined by densitometry of the autoradiography images with the use of the ImageQuantTL program followed by quantification. The amount of protein imported into the mitochondria of the wild-type strain at the time points indicated below was set equal to 100%. The results of three independent experiments were analyzed. The line graphs show mean and standard error of the mean (SEM) values. Affinity purification of Mia40 His from isolated mitochondria. The affinity purification of carboxy-terminal His 10 -tagged Mia40 (Mia40 His ) was performed according to the procedure described previously (47) . Mitochondria isolated from yeast (1 mg) with Mia40 His were incubated in solubilization buffer S (1% [wt/vol] digitonin, 10% [wt/vol] glycerol, 20 mM Tris, pH 7.4, 150 mM NaCl, 20 mM imidazole, 50 mM IA, 2 mM PMSF) for 20 min on ice. After solubilization, extracts were clarified by centrifugation and subjected to incubation with Ni-nitrilotriacetic acidagarose beads (Qiagen) for 1 h. Next, the beads were washed twice with buffer W (20 mM Tris, pH 7.4, 150 mM NaCl, 20 mM imidazole). The bound fraction was eluted with buffer E (20 mM Tris, pH 7.4, 100 mM NaCl, 400 mM imidazole, 50 mM IA) and analyzed by reducing or nonreducing SDS-PAGE followed by Western blotting.
Affinity purification of Erv1 FLAG from cell extracts. Yeast cells expressing carboxy-terminal FLAG-tagged Erv1 (Erv1 FLAG ) were grown at 19°C overnight on YPG medium to the mid-log phase. The affinity purification of Erv1 FLAG was performed according to the procedure described previously (40) . Yeast cells were harvested by centrifugation and resuspended in bufferF(20mMTris,pH7.4,300mMNaCl,50mMIA).Thecellswerelysedwith aFrenchpress(CD-019disruptionsystem;ConstantCell)underapressureof214 MPa followed by solubilization of the extracts for 20 min in digitonin-containing buffer (1% [wt/vol] digitonin, 20 mM Tris, pH 7.4, 300 mM NaCl, 50 mM IA, 2 mM PMSF). After a clarifying spin, the extracts were subjected to an anti-FLAG M2affinitygel(Sigma-Aldrich)for2hat4°C.AfterthreewasheswithbufferF,the proteins were eluted in Laemmli buffer with 50 mM DTT or 50 mM IA. The eluted proteins were analyzed by reducing or nonreducing SDS-PAGE followed by Western blotting.
Electron microscopy of yeast cells. For electron microscopy, the yeast cells were grown at 30°C in selective liquid medium containing 3% glycerol and 0.1% glucose (6.7 g/liter yeast nitrogen base, 2 g/liter dropout mix without uracil [48] , 30 ml/liter glycerol, 1 g/liter glucose) and harvested in the logarithmic growth phase. The yeast cells were fixed for 20 min in 1.5% potassium permanganate as previously described (49) and poststained with 1% uranyl acetate for 2 h. After dehydration in a graded ethanol series and propylene oxide, the cells were embedded in epoxide resin (Agar 100; Plano, Wetzlar, Germany). Ultrathin sections were examined using a Philips CM 120 transmission electron microscope (Philips, Eindhoven, Netherlands), and images were taken with a TemCam F416 complementary metal oxide semiconductor (CMOS) camera (Tietz Video and Image Processing Systems GmbH, Gauting, Germany).
Miscellaneous. SDS-PAGE was performed using standard procedures. Proteins were separated on 15% polyacrylamide gels. Polyvinylidene difluoride membranes (Millipore) were used for Western blotting. An enhanced chemiluminescence detection system was used, and chemiluminescence was detected with X-ray films (Foton-Bis). Radioactively labeled proteins were visualized by digital autoradiography (Storm imaging system; GE Healthcare), followed by image processing with ImageQuant software (GE Healthcare). The protein concentration was determined by the Bradford method using the Roti-Quant reagent (Carl Roth GmbH) and bovine serum albumin as the protein standard.
RESULTS
Human MIC19 forms two disulfide bonds in the CHCH domain, and its mitochondrial localization depends on the MIA pathway. MIC19 interacts with human MIA40, creating a disulfide bridge between Cys193 of MIC19 and redox-active Cys55 of MIA40 (41) . The mode of this interaction suggests that MIC19 may undergo oxidative folding (41) . However, the redox status of MIC19 has not been studied. We analyzed the redox state of native MIC19 in isolated mitochondria of HEK293 cells (Fig. 1A) . We treated mitochondria with the reducing agent DTT and cysteine residue-blocking agents IA and AMS and analyzed the migration of the MIC19 protein. MIC19 migrated slightly differently under reducing conditions (DTT) than under nonreducing conditions (IA) (Fig. 1A, lanes 1 and 2) . This change in migration can be caused by protein oxidation. We also observed a further change in MIC19 migration when mitochondria were treated with AMS, which irreversibly binds to reduced cysteine residues and adds 0.5 kDa to the protein mass (Fig. 1A, lanes 2 and 3) . Based on this migration pattern, we hypothesized that AMS bound to only 1 cysteine residue and that 4 other cysteine residues form disulfide bonds. Under nonreducing conditions, especially upon AMS treatment, the MIC19 signal intensity was noticeably reduced, likely due to altered antibody recognition (Fig. 1A) .
To further test the hypothesis regarding MIC19 oxidation, we applied the indirect thiol trap assay (Fig. 1B) . Mitochondria isolated from HEK293 cells were first incubated with IA to irreversibly block the free cysteine residues. The mitochondria were then treated with TCEP to reduce the disulfide-bonded cysteine residues, and the mitochondria were then incubated with AMS. This resulted in the binding of AMS molecules to cysteine residues that were oxidized under native conditions (Fig. 1B, lane 4) . MIC19 from such a treated sample migrated on the SDS-polyacrylamide gel more slowly than MIC19 from a sample treated only with AMS (Fig. 1B, compare lanes 4 and 3) , demonstrating the oxidation of MIC19. As an additional control, the mitochondrial sample was reduced with TCEP and subsequently incubated with AMS without prior blocking with IA. Under these conditions, AMS bound to all cysteine residues of MIC19. As a result, MIC19 migrated slightly more slowly than it did when prior IA blocking was applied (Fig. 1B, compare lanes 5 and 4) . This confirmed that native MIC19 forms two disulfide bonds and has one additional reduced cysteine residue.
MIC19 cysteine residues were previously shown to be needed for interactions with MIA40 (41) . Using siRNA, we knocked down the expression of the MIA pathway proteins MIA40 and ALR (the human homolog of yeast Erv1) to determine their involvement in the biogenesis of MIC19 (Fig. 1C) . Upon knockdown of MIA40, the levels of ALR, TIMM9, and COX6B were reduced. The yeast homologues of these well-conserved cysteine-rich proteins of the IMS are known to be the MIA transport substrates (34, 36, 38) . Also, the levels of TIMM22, the recently reported noncanonical MIA pathway substrate protein in yeast (47) , were decreased (Fig.  1C, lanes 1 and 2) . Interestingly, the levels of MIC19 were also significantly reduced, indicating a role for MIA40 in its transport (Fig. 1C, lanes 1 and 2) . When ALR was knocked down, TIMM9, COX6B, and TIMM22 levels were decreased, but no effect on MIC19 was observed (Fig. 1C, lanes 3 and 4) . We tested if other MICOS components are affected upon knockdown of the MIA pathway components. The levels of MIC60 remained unchanged, whereas the levels of MIC10 were slightly reduced after silencing of both MIA40 and ALR (Fig. 1C, lanes 1 to 4) . We further analyzed the redox state of MIC19 in MIA pathway-deficient cells. No defect in MIC19 oxidation was observed after siRNA transfection (Fig. 1D) . Thus, the MIA pathway is involved in maintaining the MIC19 levels. The successfully imported molecules of Mic19 were found in an oxidized state.
We also analyzed the influence of MICOS deficiency on MIC19 protein levels and the redox state. The effect of MIC60 downregulation on other MICOS components, including MIC19, was recently shown (16) . After transfection with siRNA that targeted MIC60 or MIC10, we observed the downregulation of MIC60 and MIC10 in both cases, confirming their interdependence (Fig. 1E,   lanes 1 to 4) . Both MIC60 and MIC10 knockdown resulted in a moderate reduction of MIC19 levels (Fig. 1E) . Additionally, we observed that MIC60 and MIC10 knockdown resulted in downregulation of the levels of MIA40 and ALR. This points to an interdependence of MIA on the MICOS complex reported for yeast (6) . No difference in the MIC19 redox state was observed upon MIC60 or MIC10 depletion (Fig. 1F) . Thus, we conclude that the levels but not the redox state of MIC19 depend on MIA40 and the MICOS complex.
Import of yeast Mic19 into mitochondria is dependent on the MIA pathway. Yeast Mic19 is shorter than its human counterpart and possesses a single atypical Cys-X 10 -Cys motif, which differs from the classic motifs of MIA pathway substrates (Fig. 2A) . We analyzed whether the cysteine residues of yeast Mic19 are oxidized in mitochondria similarly to human MIC19. The redox state analysis showed that the migration of Mic19 on SDS-polyacrylamide gels differed between nonreducing conditions and reducing conditions with DTT (Fig. 2B) . To provide further evidence, we irreversibly modified the putative thiol groups of cysteine residues with AMS. The AMS treatment did not change the migration of native Mic19, indicating that the protein is indeed oxidized (Fig.  2B) . Furthermore, we generated single (C146S and C157S) and double (C146,157S) cysteine-to-serine substitution mutants of Mic19 and analyzed their migration under nonreducing conditions. As expected, the cysteine mutants migrated more slowly than the oxidized, wild-type Mic19 (Fig. 2C) . Thus, the difference in migration was attributable to Mic19 oxidation.
MIA is the only pathway that is known to be responsible for protein oxidation in mitochondria. Classically, Mia40 drives the coupled import and oxidation of proteins of the IMS (29, 33) . Recent studies demonstrated the involvement of the MIA pathway in the oxidation and assembly of noncanonical protein substrates, including the integral inner membrane protein Tim22 (47), the inner membrane-associated IMS protein Atp23 (50) , and the matrix protein Mrp10 (51) . To test whether Mia40 is involved in the biogenesis of yeast Mic19, we used temperature-sensitive conditional mutant strains of Mia40 (34, 38, 47) . We analyzed the steady-state levels of proteins in mitochondria that were isolated from mia40-3, mia40-4int, and mia40-F311E mutants that were grown at a restrictive temperature (37°C). The levels of the classic MIA pathway substrates Tim10 and Cox12 were markedly decreased in all the analyzed mutants compared with those in wildtype cells (Fig. 2D) . We noticed a significant reduction of Mic19 levels, but this decrease was not as severe as that in the case of the classic substrates (Fig. 2D) . Other control mitochondrial proteins (including another MICOS component, Mic10) remained unaffected (Fig. 2D) . We also determined whether Erv1, a partner of Mia40, influenced Mic19 biogenesis. Like the Mia40 mutants, Erv1 conditional mutants (38, 52) exhibited a decrease in the levels of Mic19 in mitochondria, although the decrease was minor in the erv1-5 mutant (Fig. 2E) . The levels of Mic60 and Mic10 were also slightly decreased, suggesting an additional link between MIA and MICOS components other than Mic19. As expected, the classic MIA substrates Tim10, Pet191, and Ccs1 were significantly downregulated, whereas other control proteins from all mitochondrial compartments were unaffected (Fig. 2E) .
Next, using the radiolabeled [ 35 S]Mic19 precursor protein, we performed in organello import into mitochondria to analyze the biogenesis of Mic19. We analyzed the import of Mic19 into mitochondria that were isolated from the MIA pathway mutants grown under permissive conditions. We observed that the efficiency of Mic19 import decreased in the mia40-3 mutant compared with that in the wild type (Fig. 3A) . The import efficiency also decreased in the mitochondria from the erv1-2 and erv1-5 mutants, and the effect was even more pronounced than that in the case of the mia40-3 mutant (Fig. 3B and C) . Thus, the import of Mic19 was decreased up to 50% in the MIA pathway mutants, whereas the level of import of the classic MIA pathway substrates Tim9 and Cox19 was decreased to approximately 10 to 20% of the level for the wild type (Fig. 3D to F) , in agreement with the findings presented in the literature (30, 34, 36, 38) . These observations indicate that the MIA pathway plays a role in promoting the efficient accumulation of Mic19 in mitochondria.
Other requirements for mitochondrial import of Mic19. We analyzed the role of the TOM complex in Mic19 translocation. Radiolabeled Mic19 was imported into mitochondria isolated from tom5⌬ and tom70⌬ yeast strains, and a decrease in the import efficiency compared with that for the wild type was observed (Fig. 4A) . Next, we imported Mic19 into the mitochondria isolated from yeast that express Tom40 with cysteines at positions 130 and 138 (Tom40 C130/C138 ). The Tom40 C130/C138 variant enables the blockade of the TOM translocase channel by modifica- tion with an alkylating agent, mPEG (52, 53) . The Tom40 C130/C138 variant was efficiently modified with mPEG (Fig. 4B) . As a control, Cyc3, which possesses accessible cysteine residues, was also modified by mPEG; in contrast, the cysteine residues of Mic19 and Cox12 are engaged in the disulfide bonds and are thus protected from mPEG binding (Fig. 4B ). After blocking with mPEG, Mic19 import was decreased in the Tom40 C130/C138 variant (Fig. 4C) , demonstrating that the TOM complex is the entry for Mic19 into mitochondria.
The increased import of Mic19 upon dissipation of the electrochemical IM potential was observed (Fig. 4D) . This is in contrast to the findings for presequence-carrying proteins (24) (25) (26) (27) . We imported radiolabeled Mic19 into the mitochondria isolated from the tim17-5 mutant, which is defective in the import of proteins via the presequence-dependent TIM23 pathway (24) (25) (26) (27) 54) . Interestingly, Mic19 was imported into the tim17-5 mutant mitochondria even more efficiently than into the wild-type mitochondria (Fig. 4E) regardless of whether the electrochemical IM potential was dissipated or not. As expected, the import of the control presequence-containing protein, F1␤, was inhibited in tim17-5 mutant mitochondria (Fig. 4F) . These data do not support the role of the TIM23 pathway in Mic19 import. The redox state of Mic19 does not influence its mitochondrial localization. It was shown for other proteins, including Mia40 (30, 55) , that different redox states can be distinguished under mild reducing conditions. We applied mild reducing conditions (DTT at 20°C) and found that only a fraction of Mic19 migrated more slowly than oxidized Mic19 (Mic19 ox ) under nonreducing conditions (Fig. 5A, compare lanes 2 and 1) . Interestingly, we also found that although this form of Mic19 appeared, the lower band that represented the oxidized form (Mic19 ox ) did not disappear unless it was reduced under harsh conditions ( Fig.  5A; compare lane 2 and lanes 3 and 4) . This suggests that the appearance of the upper band resulted from a disruption of the high-molecular-mass disulfide-bonded intermolecular conjugate of Mic19 with an unknown protein which is sensitive to mild reduction (Fig. 5B) . Hereinafter we refer to this form as the Mic19 conjugate (Mic19 con ). Because the antibody against Mic19 recognizes numerous nonspecific signals (not shown), we were unable to directly observe the high-molecular-mass conjugate. Thus, in the following experiments, we analyzed the intermolecular conjugate by observing the Mic19 con form upon mild reduction.
The cysteine variants were present in mitochondria at levels similar to those of wild-type Mic19 (Fig. 5C ). The localization of Mic19 cysteine mutants inside mitochondria was further confirmed by protease treatment of the isolated mitochondrial fraction (Fig. 5D) . Interestingly, despite the dependence of Mic19 on the MIA pathway, the cysteine residues that created a disulfide bond were not required for mitochondrial localization (Fig. 5C  and D) . Thus, chaperoning rather than disulfide bond transfer seemed to be a dominant MIA function for Mic19, a finding similar to that for other noncanonical MIA substrates (47, 50) . As expected, all three mutants were unable to form the intramolecular disulfide bond of Mic19 ox , as they migrated at the height of reduced Mic19 (Mic19 red )/Mic19 con (Fig. 5E) . The signal observed from wild-type Mic19 analyzed under nonreducing conditions was much weaker than that from wild-type Mic19 analyzed under reducing conditions ( Fig. 5E ; also Fig. 2A ) due to the fact that a portion of Mic19 was engaged in the formation of Mic19 con . The signals from the Mic19 cysteine mutants did not differ between reducing and nonreducing conditions, suggesting that these cysteine variants are unable to form Mic19 con . We further sought to determine whether and which cysteine residues are required for the formation of a Mic19 conjugate that is represented by Mic19 con . To investigate this experimentally, we pretreated isolated mitochondria that carried wild-type and cysteine variants of Mic19 with DTT and observed no difference in the amounts of the Mic19 red /Mic19 con signal seen under mild reducing conditions and those seen with no treatment (Fig. 5F ). If a cysteine mutant was able to form this conjugate, then the mild reducing conditions would cause its disruption, leading to an increase in the levels of the signals observed (the Mic19 red and Mic19 con signals) compared with those observed with untreated samples. Such an increase was not observed for any of the analyzed mutants (Fig. 5F) . Thus, none of the cysteine variants of Mic19 were able to form the conjugate. We concluded that both cysteine residues of Mic19 are needed for intermolecular conjugate stability, in line with the schematic model (Fig. 5B) .
The MIA pathway is not required for trapping oxidized Mic19. We analyzed the redox state of Mic19 in the conditional Samples were analyzed by reducing SDS-PAGE followed by Western blotting. (E) Mitochondria isolated from a mic19⌬ yeast strain expressing the wild-type or mutant Mic19 protein were analyzed under reducing or nonreducing conditions. (F) Mitochondria isolated from a mic19⌬ yeast strain expressing the wild-type or mutant Mic19 protein were incubated with IA to block the free sulfhydryl groups of cysteine residues. Where indicated, pretreatment under mild reducing conditions (DTT, 20°C) was performed. Samples were analyzed by nonreducing SDS-PAGE followed by Western blotting. WT, wild type. mutants of Mia40 that were grown at a restrictive temperature. We observed a slight decrease in the levels of oxidized Mic19 under nonreducing conditions (Fig. 6A) . However, when we applied mild reducing conditions, the Mic19 con signal appeared in the wild type but was strongly decreased or completely absent in the Mia40 mutants (Fig. 6A) . These results show that Mia40 is involved in the formation of the conjugate of Mic19. Next, we analyzed the influence of Erv1, a partner of Mia40, on the redox state of Mic19. Like the Mia40 mutants, the Erv1 conditional mutants also exhibited decreased levels of Mic19 con (Fig. 6B) . To determine whether the conjugate may consist of Mic19 that is directly and stably bound to Mia40, we performed an affinity purification assay of Mia40 His from isolated mitochondria in wild-type strains or in a mic19⌬ strain background. We analyzed elution fractions under reducing conditions. We observed the Mia40 partner protein Erv1 in the elution fraction, but no interaction with Mic19 was detected (Fig. 6C, left) . Also, control proteins (Ccp1, Qcr8, and Cox12) were not copurified with Mia40 His . To confirm the lack of a stable interaction between Mic19 and Mia40, we analyzed the elution fraction under nonreducing conditions. If Mia40 and Mic19 directly interact with each other, then we would observe the specific band in the case of wild-type mitochondria but not in the mitochondria from the mic19⌬ strain. However, we did not see any specific interaction in the Mia40 His eluate, which would be absent in the mic19⌬ deletion strain (Fig. 6C, right) . Using the same approach, we analyzed the affinity purification of Erv1 FLAG from cellular protein extracts. Mia40 was found in the eluate, in contrast to Mic19 and the control proteins (Aco1, Cyc3, Ccp1, and Cox12) (Fig. 6D, left) . Like Mia40, Erv1 did not present any direct covalent interaction with Mic19 (Fig. 6D, right) . These data demonstrate the functional role of the MIA pathway in the formation of the intermolecular Mic19 conjugate; however, neither Mia40 nor Erv1 was found to be a partner in the conjugate. Mic19 ox , which contains an intramolecular disulfide bond, did not depend on MIA.
The MICOS complex contains oxidized Mic19. Mic19 is the peripheral component of the MICOS complex. We sought to determine the role of other MICOS components in the biogenesis of Mic19. We first analyzed the steady-state levels of proteins from mitochondria that were isolated from all six MICOS deletion mutants (Fig. 7A) . Deletion of the MICOS components was confirmed by immunodetection with specific antibodies. As previ-
FIG 6
The generation of the Mic19 conjugate is dependent on the MIA pathway. (A and B) Mitochondria isolated from the conditional MIA pathway mutant strains shifted to 37°C for 8 h (A) or 7 h (B) were incubated with IA to block the free sulfhydryl groups of cysteine residues. Where indicated, pretreatment under mild reducing conditions (DTT, 20°C) was performed. Samples were analyzed by nonreducing SDS-PAGE followed by Western blotting. ox, oxidized; con, conjugate; asterisk, an unspecific signal. (C) Mitochondria isolated from the wild-type strain, a strain expressing Mia40 His , and a mic19⌬ strain expressing Mia40 His were solubilized, and affinity purification of Mia40 His was performed. Samples were analyzed by reducing (left) or nonreducing (right) SDS-PAGE followed by immunodecoration. Load, 2%; eluate, 100%. (D) After yeast cell disruption, extracts from the wild-type strain, a strain expressing Erv1 FLAG , and a mic19⌬ strain expressing Erv1 FLAG were subjected to affinity purification. Samples were analyzed by reducing (left) or nonreducing (right) SDS-PAGE followed by immunodecoration. Load, 1%; eluate, 100%; WT, wild type.
ously shown (4-6, 16), Mic19 levels were strongly downregulated in mitochondria from the mic60⌬ mutant (Fig. 7A) . The levels of Mic19 remained unchanged in the other MICOS deletion mutants (i.e., mutants with Mic10, Mic12, Mic26, and Mic27 deletions).
Next, we performed an in organello import assay and observed that the import of radiolabeled Mic19 was decreased in the mic60⌬ mutant (Fig. 7B) but not in the mic10⌬ or mic12⌬ mutant ( Fig. 7C and D) . These data indicate that of all the MICOS components, only Mic60 plays a role in the import and biogenesis of Mic19. Mic60 is one of the key components of the MICOS complex, and the deletion of Mic60 results in disruption of the complex (4) (5) (6) . This could explain the decrease in the abundance and import efficiency of Mic19 observed in mitochondria that lack Mic60. However, the depletion of Mic10, another key component of the MICOS complex that is crucial for its integrity (4-7), had no negative effect on Mic19 levels or import ( Fig. 7A and C) . Thus, the decrease in Mic19 abundance was not attributable to overall destabilization of the MICOS complex but was specific to Mic60 depletion. Interestingly, the import of radiolabeled Mic19 into mitochondria that were isolated from the mic10⌬ or mic12⌬ strain was even more efficient than that into mitochondria that were isolated from the wild type ( Fig. 7C and D) . The MICOS complex was previously shown to form subcomplexes with different protein compositions (5, 15, 16, 56) . In the absence of one of the MICOS components, the equilibrium between components can be disturbed. Such situations may result in an excess of the Mic60-containing subcomplex, thus promoting the more efficient import of Mic19. These results indicate that the mitochondrial import of Mic19 depends on Mic60 and not on other MICOS components.
We analyzed whether MICOS components are involved in Mic19 conjugate formation. Under nonreducing conditions, Mic19 was found in an oxidized state (Mic19 ox ) in mitochondria that were isolated from yeast with MICOS component deletions (i.e., mic10⌬, mic12⌬, mic26⌬, mic27⌬, and mic60⌬ strains), albeit the amount was highly decreased in the case of the mic60⌬ strain (Fig. 8A, lanes 1 to 7) . The Mic19 conjugate (Mic19 con ) was detected in mitochondria from all MICOS deletion mutants (Fig.  8A, lanes 8 to 14) , demonstrating that none of the MICOS components are a direct partner in the conjugate. The oxidized form of Mic19 was diminished in mitochondria that lacked Mic60 (Fig.  8A, lanes 1 to 14) . This observation shows that Mic19 con is largely independent of the MICOS complex, in contrast to Mix19 ox . We investigated which redox form of Mic19 is assembled into the MICOS complex by an affinity purification assay of Mic60 ProtA . We subjected the isolated mitochondria to mild reducing conditions (DTT at 20°C) before solubilizing the membranes and subsequently performing affinity purification. We observed Mic19 ox together with Mic60 ProtA in the eluate (Fig. 8B, lane 11) . Through mild reduction, we reduced and released a pool of Mic19 from the conjugate (Mic19 con ) and found that it did not bind to the MICOS complex (Fig. 8B, lane 12) . These data show that the MICOS complex contains Mix19 ox .
Oxidation of Mic19 is important for MICOS stability. We analyzed whether oxidation is crucial for Mic19 assembly into the MICOS complex (Fig. 9A) . We used variants of Mic19 lacking cysteine residues, which are unable to form a disulfide bond. We transformed Mic60 ProtA mic19⌬ yeast cells with plasmids with wild-type Mic19, single Mic19 cysteine mutants (Mic19-C146S and Mic19-C157S), a double Mic19 cysteine mutant (Mic19-C146,157S), or an empty vector as a control. In this experimental setup, we aimed to determine the ability of the Mic19 variants to associate with the MICOS via the affinity purification of Mic60 ProtA (Fig. 9A) . Although none of the three cysteine mutants was oxidized, they were still able to interact with Mic60. Interestingly, we observed various behaviors of different Mic19 cysteine mutants. The Mic19-C146S variant interacted with Mic60 as efficiently as the Mic19 wild type (Fig. 9A and B) . Mic19-C146,157S behaved in a variable way, and Mic19-C157S bound to Mic60 less efficiently ( Fig. 9A and B) . We concluded that the status of cysteine residues was not crucial for the assembly of Mic19 into the MICOS complex.
The lack of Mic19 was previously shown to cause destabilization of the MICOS complex (6) . We further hypothesized that the disulfide bond of Mic19 plays a role in the stability of the MICOS complex. To test this hypothesis, we analyzed the association of other MICOS components with Mic60 ProtA in the presence of Mic19 variants lacking cysteine residues. As expected, in the absence of Mic19, other MICOS proteins (Mic10, Mic12, and Mic26) interacted more weakly with Mic60 than the wild type ( Fig. 9A and C) . In mitochondria from yeast that expressed Mic19 cysteine mutants, the interaction pattern resembled that which occurred under the deletion condition ( Fig. 9A and C) , and the interactions between Mic60 and Mic10, Mic12, and Mic26 were remarkably decreased (Fig. 9C) . Interestingly, MICOS destabilization was also observed in the case of Mic19-C146S, which was properly integrated into the MICOS complex (Fig. 9B) . Thus, we concluded that the oxidation of Mic19 is required for the full stability of the MICOS complex.
The deletion of Mic19 results in a partial loss of crista junctions and, thus, in an altered (stacked or onion-like) mitochondrial IM morphology (4-6, 12), which could be rescued by expressing the Mic19 wild type from a plasmid ( Fig. 9D and E) . We used electron microscopy to investigate if yeast cells expressing Mic19 variants lacking cysteine residues also exhibit an altered inner membrane morphology ( Fig. 9D and E) . We found that yeast cells expressing Mic19 cysteine variants also displayed IM morphological changes, albeit to a lower extent than the mic19⌬ strain. For statistical analysis, we analyzed between 250 and 850 mitochondria of each strain and assigned the IM morphology to either the normal (wild type) or an altered (stacked or onion-like) state. While ϳ40% of all mic19⌬ mitochondria displayed an altered inner membrane morphology, the inner membrane morphology phenotype was less pronounced, but still observable, in the cysteine mutants. We observed an altered IM phenotype in 13%, 21%, or 20% of the mitochondria expressing Mic19-C146S, Mic19-C157S, or Mic19-C146,157S, respectively. The phenotype was more severe in cells expressing Mic19-C157S or Mic19-C146,157S than in cells expressing Mic19-C146S, although all three mutant proteins lacked the disulfide bridge. As shown above, Mic19 mutants lacking a cysteine residue in position 157 were less able to assemble into the MICOS complex ( Fig. 9A and B) . Therefore, the more severely altered phenotypes of Mic19-C157S and Mic19-C146,157S may be due to the additive effect of the absence of a disulfide bridge and the reduced ability to assemble into the MICOS complex. Together, the analysis of the three Mic19 mutants showed that the oxidation of Mic19 promotes the maintenance of the proper architecture of the IM by stabilizing the MICOS complex.
DISCUSSION
The MICOS complex regulates the morphology of mitochondrial IM (4-7). A vigorous branch of research has been focused on investigating the way in which the MICOS complex is organized and the specific roles that MICOS components play in the complex. On the basis of the results of studies performed on S. cerevisiae, Mic60 and Mic10 are considered key players in the MICOS complex, as their depletion leads to the most dramatically altered crista phenotype. Interestingly, various subcomplexes that are centered on Mic60 and Mic10 have recently been reported. The membrane-bending property of Mic10 oligomers might be critical for understanding the function of the Mic10-containing subcomplex (56, 57) . Mic19 is directly linked to Mic60, forming a subcomplex that can be separated from Mic10-based subcomplexes (5, 15, 56, 58 ). An intriguing concept was recently proposed. According to that concept, the Mic10-and Mic60-containing subcomplexes of the MICOS are joined together by Mic19, which acts as a connector to form a functionally important entity, the MICOS holocomplex (58) . These recent data suggest a unique role for Mic19 as the only component of the MICOS complex that is not embedded in the membrane. were incubated with IA to block the free sulfhydryl groups of cysteine residues. Where indicated, pretreatment under mild reducing conditions (DTT, 20°C) was performed. Samples were analyzed by nonreducing SDS-PAGE followed by Western blotting. ox, oxidized; con, conjugate. (B) Affinity purification of Mic60 ProtA from isolated mitochondria. Where indicated, mitochondria were pretreated under mild reducing conditions (DTT, 20°C). Samples were analyzed by reducing and nonreducing SDS-PAGE followed by Western blotting. Load, 2%; eluate, 100%; asterisk, an unspecific signal; WT, wild type. In the present study, we focused on a systematic analysis of the biogenesis and maturation of the Mic19 protein. We directly assessed the redox status of the human MIC19 protein and found that 4 cysteine residues of the CHCH domain of MIC19 form two disulfide bonds. Moreover, we showed that the mitochondrial localization of MIC19 depends on MIA40. These findings are consistent with the observation that MIC19 interacts with MIA40 (41) . In contrast to human MIC19, yeast Mic19 does not possess a standard twin Cys-X 9 -Cys motif but, rather, has a simplified Cys-X 10 -Cys motif. Our analysis of yeast Mic19 revealed that its Cys-X 10 -Cys motif forms a disulfide bond that corresponds to the inner disulfide bond of human MIC19 between Cys193 and Cys204.
Interestingly, we observed that Mic19, apart from an oxidized monomer, forms an additional stable redox-regulated conjugate. Formation of this conjugate strictly depends on the MIA pathway, but we observed no Mic19 intermediate that is associated with Mia40 or Erv1. This raises the possibility that either a protein partner engaged with Mic19 in the conjugate is a MIA substrate or the biogenesis of the Mic19 conjugate requires MIA. Additionally, all MICOS components were excluded as potential conjugate constituents, and the MICOS preferentially interacted with the Mic19 monomer with an intramolecular disulfide bond. Therefore, Mic19 exists in mitochondria in two pools: MICOS-bound Mic19 ox and Mic19 con that is independent of the MICOS complex. It would be of great interest in the future to identify the Mic19 partner in the conjugate and elucidate the role of this interaction. The presence of various forms of Mic19 raises the intriguing possibility of redox-driven regulation of the MICOS complex.
Reduced cysteine mutants of human MIC19 were previously shown to be unable to efficiently bind to MIC60 (41) . In the present study, in S. cerevisiae we found that the interaction between Mic60 and oxidized Mic19 is indeed preferable. However, Mic60 efficiently binds to the reduced Mic19-C146S mutant, suggesting that oxidation is not essential for the interaction with Mic60. As previously reported, the deletion of Mic19 results in destabilization of the MICOS complex (4-6). Interestingly, Mic19-C146S, which lacks a disulfide bond, despite its efficient binding to Mic60, caused destabilization of the MICOS complex (i.e., decreased interactions between Mic60 and Mic10, Mic12, and Mic26). This effect differs from the recently reported effect that is exerted by the absence of Cox17, a copper chaperone for cytochrome c oxidase with an additional role as an assembly/stabilization factor for the MICOS complex. In the absence of Cox17, Mic60 less efficiently interacts with several MICOS components, including Mic19 (59). MICOS destabilization through reduced Mic19 resulted in changes in IM morphology that resembled the effect of Mic19 deletion, albeit to a lesser extent. Interestingly, the Mic10, Mic12, and Mic26 components, which do not bind to Mic60 in the presence of Mic19-C146S, were consistently shown to constitute a Mic60-independent MICOS subcomplex (15, 56, 58) . Thus, a tempting proposition is that a disulfide bond in Mic19 promotes the structural role of Mic19 as a connector between two MICOS subcomplexes. The pool of intermolecularly oxidized Mic19 (Mic19 con ) may regulate the amount of Mic19 that is necessary to serve a connector function for the MICOS complex.
In summary, we have described the biogenesis of Mic19 and its dependence on the MIA pathway. We showed that Mic19 undergoes oxidation in mitochondria, which, although not essential for its integration into the MICOS complex, is important for formation of the MICOS holocomplex and the effective regulation of the membrane architecture.
